Application of affinity mass sensor based on boronic acid derivatives. by Chow, Ka-man. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
Application of Affinity Mass Sensor 
based on Boronic Acid Derivatives 
Chow Ka-man 
A Thesis Submitted in Partial Fulfilment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Chemistry 
©The Chinese University of Hong Kong 
September 2001 
The Chinese University of Hong Kong holds the copyright of this thesis. 
Any Person(s) intending to use a part or whole of the materials in the thesis 
in a proposed publication must seek copyright release from the Dean of the 
Graduate School. 
/ y ^ 统 系 館 書 圖 
• I 2 1 n ^ j i 
t‘,>\UBn/\R丫 SYSTEMy^ ^ 
、 麵 
Acknowledgements 
I would like to express my sincere gratitude to my supervisor Prof. Oi-A^ah Lau for her 
valuable advice on my research work. I would also like to thank her for her Continuous 
encouragement throughout the course of my study and during the preparation of this 
thesis. 
I deem it a pleasure to express my apiM'eciation to Prof. Kin-Shing Chan for his kind 
guidance and bright idea. 
My grateful thanks go to Dr. Bing Shao and Miss T. W, Lee for their invaluable opinion 
and comment c«i my research. 
In addition, special mention must be given to Mr. Kai-For Mo for his help in the NMR 
titration. Dr. Fuk-Yee Kwong and Mr. Tung-Bor Lee for their synthesis of boronic acid 
derivatives. I must also thank my groupmates and friends for their support during these 
two years. 
Last but not least, I wouM like to express profound thanks and appreciation to my dear 
parents for their dedication, silent forbearance, help and encouragement wi&out which 
this woric would have remained incomplete. 
M y , 2001 
Chow Ka Man 
Department of Chemistry 
The Chinese University of Hong Kong 
Abstract 
Affinity mass sensors based on the different boronic acid derivatives have been 
developed by combining quartz crystal microbalaoce (QCM) and boronacte affinity 
chromatography. The 3-aminophenylboronic acid (APBA) modified QCM was 
i 
successMly applied to determine ascorbic acid in tablets and fresh fhrit juices. The 
effects of various operation parameters on the response of the sensor were evaluated 
Further, the dominant structure of the complex was also predicted with molecular 
modelling and NMR titration methods. The association and dissociation constants for 
ascorbic acid-APBA affinity reaction were determined by kinetic analysis. The sensor 
was sensitive and reusable since affinity reaction with suitable rate constants was chosen. 
The calibration graphs for ascorbic acid were strictly linear in the range between 0.01 
mg/mL and 1 mg/mL, The applicability of the sensors was demonstrated by the 
determination of ascorbic acid in tablets and firuit samples. 
The selectivity orders towards saccharides by different boronic acid derivatives were also 
determined. Owing to the limited amount of synthetic boronic acid derivatives being 
available’ only rough comparison of the effect of their structures on the combination with 
saccl^des based on tiie respective frequency shift were made. 
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撮要 
把石英晶體微天平的槪念與硼酸蠻親合色譜的槪念相結合，我們製備了以不同的 
苯基硼酸衍生物爲親合體之親合質量傳感器。而以3 -氨基苯基硼酸爲親合配體的 
傳感器，用於檢測藥物及水果內的維生素丙。我們評價了各種操作參數對感應器 
所產生的信號的影響。通過份子•的幫助，可倍計出維生素丙與3-氣基苯基硼 
酸複合物的主要結構。通過動力學分析’測定所用的親合反應的結合速度常數和 
分離速度常數。由於所選用的親合反應具有合適的速度常數，因此傳感器具高靈 
敏度並且可重複使用。在0.01 mg/mL到1 mg/mL的範圍內，維生素丙的校正曲 
線呈嚴格的線性。通過對藥物及水果樣品中維生素丙的實際測定，我們証明了該 
傳感器可供實際應用。 
本研究也包括了解不同的苯基硼酸衍生物對糖類的選擇次序，基於有限的人造苯 
基硼酸衍生物‘舰可以他們的結構及與糖結合時所產生的信號作出簡單比較0 
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Chapter 1 
Introduction � . 
People nowadays yearn for better life and thus a balanced diet is preferred to maintain 
their health. Hence, they are concerned about the nature and the amount of food 
components. Hence, many researches on food determination are being carried out using 
high performance liquid chromatography (HPLC), gas chromatogr^hy (GC), capillary 
electrophoresis (CE), chemical sensor etc. [1,45]. Chemical sensor wi l l be utilized in this 
research. 
l*3.CheinicaI sensors 
A chemical sensor is a device that transforms chemical information, ranging from the 
concentration of a specific sample component to total composition analysis, into an 
analytical useful signal [2]. A sensor is composed of a specifier, which wi l l specifically 
recognize the analyte, and in spatial intimate contact with the transducer. Figure 1.1 
described a design model of a sensor [2，3]. The recognition process is located in a 
selective layer or film in close proximity to the transducer. When the analyte interacts 
with the recognition element, a change in one or more physicochemical parameters 
associated with the interaction occurs. This change may produce ions, electrons, gases, 
heat, mass changes, or light, and the transducer converts these parameters into an 
electrical output signal that can be amplified，processed, and displayed in a suitable form 
[4]. According to the type of transducer, chemical sensors can be clasafied as 
electrochemical sensors, optical sensors, thermal sensors, magnetic sensors and mass or 
acoustic sensors (Figure 1.2) [2]. 
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Figure 1.1. Model for chemical sensor. Recognition, transduction 
and signal generation are coupled. 
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Figure 1.2. Classification of chemical sensors according to the type of transducer. 
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Recognition processes in chemical sensors are based on the interaction between host 
molecules or affinity ligands and target analytes, generating host-guest product. The 
molecular interactions usually are van der Waals force, hydrogen bonding, hydrophobic 
interaction and covalent bonding. The target analytes may be organic or inorganic or any 
uncharged molecular species. In order to let llie sensors detect analytes successfiilly in a 
complex sample matrix, high selectivity or specificity is required. Hence, ligands with 
appropriate geometry and spatial structure for binding should be constructed. 
Biological host molecules such as natural or artificial antibodies and enzymes are 
promising species to offer either high specificity or an exceptionally high natural 
selectivity towards their antigens and substrates respectively. Sensors with such 
biomolecules integrated into the chemical recognition process are known as biosensors, 
which constitute a group of chemical sensors. However, they have considerably restricted 
stability md lifetime in many cases [2]. Synthetic ligands are thus derived to mimic 
biological interactions. There are still many different prototype materials, which have 
been chosen as recognition elements for chemical sensors [5], for example polymers with 
their characteristic inclusion of molecules. Inorganic oxides with their electron, ion, and 
mixed conduction, show specific changes upon interaction with the molecules to be 
detected. Organic cage compounds show key-lock incorporation of target molecules. 
1.2 Quartz crystal microbalance 
Usually transducers have special demands on the recognition element. For example’ in 
electrochemical sensors, the recognition element should have electrochemical activity. 
For optical sensors, the optical nature should change accompanying the affinity reaction. 
In contrast, mass or acoustic transducers have no special demand for the recognition 
element because mass change must occur with the binding of analytes from the sample to 
the recognition element, which is on the surface of the transducer [6], Consequently, they 
have gained more and more interest in chemical sensing in recent years. 
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Typical acoustic transducers consist of a piezoelectric material with one or more 
chemically inert metal plate(s) on the siirface(s). The piezoelectric crystals ard anisotropic 
crystals, which were discovered by Curie brothers in 1880 [7], with no center of 
symmetry. The piezoelectric effect stated that such crystals give out an electrical signal 
when mechanically stressed. On the contrary, i f an electrical potential is applied, they will 
oscillate mechanically and this is known as the converse piezoelectric effect. Generally, the 
amplitude of the oscillation is very small. However, once the frequency of the applied 
oscillating electrical potential equals a certain frequency, the amplitude increases sharply. 
This phenomenon is called piezoelectric resonance, and the frequency is known as the 
resonant frequency of the crystal Owing to its temperature stability, quartz is the most 
commonly used piezoelectric material [8, 9]. Other materials such as lithium niobate and 
zinc oxide may also be good candidates in certain applications 
Through the selection of crystal orientation, the thickness of the piezoelectric material and 
the geometry of the metal plate，a variety of acoustic wave devices including thickness 
shear mode (TSM), surface acoustic wave (SAW), flexural plate wave (FPW), acoustic 
plate mode (APM) and surface transverse wave (STW) devices are designed [8]. 
TSM devices constructed on quartz disks are commonly known, as quartz crystal 
microbalances, or QCMs. They are made of AT-cut quartz crystal plates with all unwanted 
modes of vibration other than TSM sufficiently suppressed. In addition, the resonant 
frequency of the AT-cut plate is rather insensitive to temperature change in a region 
around room temperature, and it lies between 5 and 10 MHz typically [9]. The structure 
of a quartz crystal microbalance is shown in Figure 1.3. It bears a sandwich structure with 
two thin layers of gold or platinum on both sides of a thin quartz crystal plate. The electric 
field and therefore the vibration of the quartz crystal is essentially confined to the area 
between the two excitation electrodes. The sensing area is typically 1cm' or less. 
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Figure 1.3. A quartz crystal resonator. 
Sauerbrey derived an expression relating surface mass changes to shifts in the resonant 
frequency of quartz crystal in 1959 [6, 43, 44]. 
^ = equ. 1.1 
f 。丨 
where f and fq are the resonant frequency and the thickness of the crystal plate respectively, 
A f and 么 fq are the corresponding changes caused by deposited materials. The derivation 
of the relation relies on the assumption that a deposited foreign material exists entirely at 
the antinode of the standing wave propagating across the thickness of the quartz crystal 
plate, so that the foreign deposit could be regarded as an extension of the pLate. I f the 
differences in density and modules constant between the quartz and the deposit are 
ignored, equ. 1.1 can be derived as: 
: - “ 二 -2.3x10 A equ. 1.2 
J ! n ！. 
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where a / i s the frequency shift in Hz , / is the resonant frequency of the crystal (MHz), Am 
(g) is the mass change caused by the deposited material/g and \iq are the density and the 
modules constants of the quartz crystal plate respectively, and A is the act i^ area of the 
crystal plate (cm^). equ. 1.2 suggests that the deposited mass changes can be measured by 
the corresponding frequency shifts. Since the frequency can be measured very accurately, 
very minute mass changes can be measured. For example, when a 9 MHz quartz crystal 
plate with 0.2 cm' active area is used, about 1 ng of mass change can be measured. The 
quartz crystal microbalance is thus named due to its excellent mass detection. Typically, 
QCM measurements axe considered accurate provided that the frequency shift of the 
loaded filTn being less than 2% of the unloaded frequency. When the loading is larger, the 
viscoelastisity of the film will affect the frequency measurement. This effect cannot be 
expressed by the simple Sauerbrey equation, and treatments with other parameters such as 
impedance introduced should be carried out to allow high mass loading tolerance [7]. 
Most of the early applications of QCM were conducted in the gas phase. This is because 
quartz crystals can vibrate with minimal energy dissipation and a stable oscillation can be 
obtained in the gas phase. Oberg and Lingensjo [10] made the first contribution to crystal 
film thickness monitoring with QCM. Warner and Stockbridge [6] were the first to apply 
QCM on the mass detection of minute substance in vacuum. Over these decades, much 
effort has been put in QCM as gas sensors. For instance, QCM was used in the detection 
of amine isomers and aromas in 1993 [11] and 1996 [12] respectively. 
There was a breakthrough in the development of QCM in early 1980s，when several 
reports appeared in which a quartz crystal microbalance was operated with one face in 
contact with a liquid. Konash and Bastiaans [13], and Nomura and Okiihara [14 
separately studied the behavior of the quartz crystal nncrobalance in a flow cell. They 
observed changes in the resonant frequency of the crystal to vary with the density and 
viscosity of the liquids. Later studies found that the morphology and viscoelastisity of the 
deposited film will also infhience on the frequency response. A simple relationship was 
derived by Kanazawa and Gordon [15]，which expressed the change in oscillation 
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frequency of a quartz crystal in contact with a liquid in terms of material parameter of the 
liquid and the quartz: 
» 
A/. 二 一 f ( ) equ. 1.3 
W 、 
w h e r e ^ is the frequency shift caused by the properties of the liquid, and p and rj the 
density and viscosity of the liquid respectively. This relation had remarkable agreement 
with experimental results obtained by a test case of water/ethanol solutions. 
The first work of using QCM as in situ mass detector for liquid chromatography was 
published by Konash and Bastiaans [13]. Stable oscillation at liquid interface and sensitive 
mass detection have been achieved. 
1.4 Concept of affinity mass sensor 
The name of affinity mass sensor came from the concept of the combination of affinity 
chromatography and mass sensing [6]. The basis of the selectivity of affinity 
chromatography is the use of innnobilized biochernicals as the stationary phase. These 
biochemicals, which are called affinity Hgands can be antibodies, enzyme inhibitors, lectin, 
or other molecules that reversibiy and bio selectively bind to the complementary analyte 
molecules in the sample, which are known as ligates. 
The general affinity reaction occurring on the surface of the sensor can be described as 
follows: 
S + B ^ ~ r SB 
8 
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where B represents the affinity ligand, S stands for the corresponding ligate，and SB is the 
complex resulting from the binding of S and B. When B is immobilized on the surface of 
the QCM, once the crystal is in contact with a solution containing S, S wi l l bind to the 
immobilized B and forms SB, which wil l also remain on the surface odhe QCM. The 
resonant frequency of the QCM wil l decrease with the binding of S to B，and the 
frequency shift is proportional to the concentration of SB. This kind of sensor'is known as 
affinity mass sensor. 
With numerical simulations, the relations between die nature of the affinity reaction and 
the performance of the sensor have been found [6]. An affinity reaction with large 
association rate constant is preferable as high sensitivity can be achieved However, under 
the same analysis condition, the dissociation rate constant may not favor the reusability of 
/ 
the sensor. In such case, different binding and eiuting conditions can be applied so that a 
reusable sensor with high sensitivity can be derived; however, complicated operation 
procedures cannot be avoided For simplicity in operation of the analysis, an alternative is 
to make a comiMromise in choosing suitable values of association r^e constant and 
dissociation rate constant of the affinity reaction under the same condition. 
1.3«FiIm immobilization technologies 
QCM surface is bare and thus some preparation or immobilization technique should be 
done on it so as to have an environment for the specific reaction occur. 
1.3.1 Cross-linkage technique 
The cross-linkage immobilization method was based on the formation of covalent bonds 
between the ligand By mean of bifbnctional reagent, leading to three dimensional, 
crosslinked ligand aggregates that were insoluble in water. Among considerable number 
of crosslinking reagents, glutaraidehyde was by fer the most commonly used one. It was 
suggested tbat the reaction involved conjugate addition of amino group of 3-
9 
aminophenylboronic acid to ethylenic double bonds of unsaturated oligomers, contained 
in the commercial aqueous glutaraldehyde solution [30]. 
The resonant frequency for discrete steps in the APBA iramobilization was ijionitOTed 
aiKl summarized in Table 1.1. The frequency drop in each step was an evidence of mass 
loading. ‘ 
Table 1 丄 Frequency changes during the modification 
Steps in the modification Frequency values (Hz) 
Bare QCM 8859845 
Modified with polyethyleneimine 8824968 ± 30 
Modified with glutaraldehyde 8805438 士 15 
Modified with APBA 8798773 士 20 
QCM 「 " ] ^ I .OH 
^ L J ^^^^^ OH 
Figure 1.4. Surface of the QCM after modification. 
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1.3.2 Sol-gel technique 
The terminology “sol-gel” is used to describe processes in which a solid phase is formed 
through gelation of a colloidal suspension (sol). Sol-gel technology provide、a relatively 
straightforward way to fabricate glasslike or ceramic materials via the hydrolysis and 
condensation of suitable metal alkoxides [16]. The most popular starting precuso^s for the 
fabrication of silica-based materials are tetramethoxysilane (TMOS) and tetraethoxysilane 
(TEOS). These reagents can be hydrolyzed (equ. 1.4) and condensed (equ. 1.5 and / or 
equ. 1.6) under relatively mild conditions (room temperature and pressure), as illustrated 
in the following simplified reaction sequence for TMOS [16", 
S i ( 0 C H ) 4 + nH^O ^ m ^： (H〇 )nS i (〇CH3Vn + nCHgOH equ. 1.4 
= S rOH + H〇 -S i= ^ S r O - S N + H^O equ. 1.5 
- S r O M e + HOSi三 云S卜〇-S一 + CH3OH equ. 1.6 
In a typical procediure, TMOS is mixed with water in a mutual solvent (methanol) and a 
catalyst [acid (HCL), base (NH3), or nucleophile (F)] is added. During sol-gel formation, 
the viscosity of the solution gradually increases as the sol (colloidal suspension of small 
particles) becomes interconnected to form a rigid, porous structure - gel. Gelation can 
take place on a timescale ranging from seconds to months depending on the processing 
conditions (Si: H2O ratio, type and concentration of catalyst, alkoxide precursors, etc.) 
During drying, alcohol and water evaporate from the pores, causing the matrix to shrink. 
Xerogels, or fully dried gels, are significantly less porous than their hydrated counterparts. 
The physical properties of the resultant structure strongly depend on the sol-gel process 
parameters and the method at which the material is prepared and dried [16-22]. For 
11 
instance, the nature of catalyst [23-25] and, in particular, the pH of the reaction and water 
content [26,27] have very pronounced effect on the hydrolysis and condensation reactions. 
The sol-gel process is shown schematically in Figure 1.5. It is the introduction of a ligand 
or host molecule done by adding its solution to the polymerizing mixture. 'When the 
polymerization is completed, the dopant molecules are entangled in the inorganic 
polymeric network. The encapsulated ligands are accessible to external reagents through 
the pore network [28:. 
Sol Gel Xerogel Reacti^ty of doped 
sol-gel matrix 
纖U辦I 
⑷ Cb) (c) (d) 
Figure 1.5. The encapsulation of dopant molecules with sol-gel matrix, (a) a sol of inorganic oxide parties (o) 
was prepared by polymerization of alkoxysilane in the presence of the desired dopant molecules ⑷. 
(b)，(c) the sol turned into a gel, which then dried, forming a porous xerogel, within which the 
dopant molecules were trapped, (d) the porous network allowed external molecules (•) to react with 
the trapped dopant. 
12 
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1,6 Research outlines 
Our research interest is focused on the application of QCM as chemical,sensors. In this 
research, boronic acid derivatives was used as affinity ligand immobilized on the QCM 
surface to be used for the determination of ascorbic acid and saccharides, wWch acted as 
ligates. In chapter 3, the response of 3-aininophenyIboromc acid (APBA) to ascorbic acid 
is reported and the effects of various operation parameters on the perfomiaiice of the 
sensor will be evaluated. Agreements between the numerical simulation of the affinity 
mass sensor and experimental results wi l l be shown. The association and dissociation 
reactions between the affinity ligand and its corresponding ligate are studied with the help 
of kinetic analysis i»x>posed by Chaiken et al, [29]. The binding she of ascorbic acid for 
complexation with APBA wil l also be accounted. The properties of the sensor such as 
selectivity, stability, and applicability wil l also be discussed in this chapter. 
In chapter 4’ the selectivity order of different boronic acid derivatives to saccharides 
reflected by their fiequency shift and steric energies of complexation wil l be shown. 
13 
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Chapter 2 
Experimental 
> 
2.1 Sensor fabrication 
2.1.1 Sensor fabrication by cross-linkage technique for detection of ascorbic acid 
Polyethyleneimine (PEI) was obtained from Aldrich. Ascorbic acid was bought from 
Panreac. Glutaraldehyde and 3-aminophenylboronic acid (APBA) were obtained from 
Acros. D-fiructose was from Merck. D-glucose, sorbitol, sucrose, citric acid, sodium 
dihydrogenophosphate monohydrate and di-sodium hydrogen phosphate-12-hydrate 
were purchased from BDH. Reagent employed were of analytical grade and solutions 
were prepared with ultra pure Milli-Q water(Millipore). 
A bare QCM was first cleaned with a piranha solution (H2SO4: H2O2 = 3:1), followed 
by exhaustive rinsing with distilled water. 0.5 piL of 4% polyethyleneimine in ethanol 
was then applied on one side of the gold electrode of the QCM with a micro-syringe. 
A thin film was formed after drying in air. Afterwards, the QCM was dipped in 20% 
glutaraldehyde aqueous solution. After 2 hours, the QCM was washed with distilled 
water, dipped in 10 mg/mL of 3-aminophenylboronic acid (APBA) solution overnight. 
Then the modified QCM was washed with distilled water and dried with nitrogen gas. 
Each step was monitored by the measurement of resonant frequency. This modified 
QCM was then mounted in the flow-through cell. 
2.1.2 Sensor fabrication by sol-gel technique for detection of saccharides 
Tetramethyl orthosilicate (TMOS), Triton-x-lOO and 3-aminophenylboronic acid were 
purchased from Acros. The boronic acid derivatives were synthesized by Dr. Kwong 
and Mr. Lee. Hydrochloric acid, methanol, D-glucose, fructose, mannose, galactose, 
sucrose and maltose were obtained from Merck. All chemicals were used as received, 
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and all water used was purified using a Millipore purification system. 
Tetramethyl orthosiKcate (TMOS) was used as the sol-gel precursor. Water was added 
for the hydrolysis reaction. Methanol acted as a common solvent to ensure the mixture 
to be homogeneous and one drop of Triton-x-100 was applied as surface active agent. 
Hydrochloric acid acted as catalyst. The boronic acid derivatives served as dopants. 
2,1.2.1 Preparation of alkoxide solutions 
Altogether four sol-gel mixtures were prepared from, S-aminophenylboronic acid 
(APBA) and three other synthetic boronic acid derivatives. 5 mg of each boronic acid 
derivative was added to 2-mL volumetric flasks separately. Two drops of methanol 
was added to the flask to dissolve the boronic acid derivative completely first. Then 
0.2 mL of water and 0.2 mL of tetramethyl orthosilicate (TMOS) were added. One 
drop of Triton-x-100 and O.IM hydrochloric acid were added also. Methanol was 
added finally to reach the mark of the flask. The flask was then shaken thoroughly to 
get a clear solution mixture. 
Since there was not enough synthetic boronic acids, no optimization of the sol-gel 
mixture was done. The entire amount and kind of the constituents used in the sol-gel 
solution followed T.W. Lee's method [30]. However, methanol was used instead of 
ethanol as common solvent in this research as some of the synthetic boronic acid 
derivatives cannot dissolve in ethanol but soluble in methanol. 
2.1.2.2 Film deposition 
The QCM was cleaned thoroughly with piranha solution (H2O2 : con. H2SO4 = 1 : 3 ) 
before coating. 0.5jj,L of sol-gel mixture was applied on one side of the QCM by 
15 
2.2 Flow - through cell 
The affinity reaction usually takes place in liquid phase，so the liquid sample has to be 
passed over the recognition interface of the sensor. A flow-through cell is therefore needed 
to accommodate the QCM. The assembly drawing of the flow-through cell is shown in 
Figure 2.1. One side of the QCM was in contact with the flowing liquid，and the other side 
with air. The QCM was easy to be mounted and dismounted. A multi-channel peristaltic 
pump (ISMATEC IPC-4) and a sample injection valve (Rheodyne Model 5020) were used 
for transferring liquid. The flow velocity can be adjusted at 100 grades’ which can be 
--displayed as 1 to 100. The relations between the grades and the actual flow velocity for 
aqueous solution corresponding to each grade had been determined and shown in Table 
2.1. A linear relation exists between the readout and the flow velocity, and the readout of 
grades was used directly to indicate the flow velocities. 
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Figure 2.1. Assembly drawing of the flow-through cell, 
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Table 2.1. Flow velocities corresponding to the readout grades of the peristaltic pump 
Fteadoutofgades | 2| 5| 1d 20| 30| 40| 50| 80| 100 
|Flcwvslod1 (^mL/nin) | QI2I 0.331 0.671 1.311 1.971 2631 3.2S| 5.261 6,56 
Two channels were used in the peristaltic pump, one for the buffer,and the other for the 
sample solution. The buffer solution was conveyed to the flow cell through the sample 
injection valve and in contact with one side of the QCM. The sample solution was 
delivered to the sample loop of the sample injection valve. The switching pattern of the 
valve is shown in Figure 2.2. Rotation of the knob by 60° switched the valve from one 
position to another. The two position valves have stops so that they can be turned only 
back and forth through 60。. The sample volume can be adjusted by the length of the 
sample loop. When the valve was in the LOAD position, the buffer solution passed from 
position 2 to position 3, while the sample solution passed in the path 6 ->1 -> 4 5, 
filling the sample loop, so that only the buffer solution passed through the flow cell. 
When the valve was in the INJECT position, the solution would pass in the path 2-> 1 -> 
4 — 3，and the sample solution in the sample loop would pass the flow cell first, followed 
by the buffer solution. Hence, a sample pulse would contact one side of the QCM and a 
response would be obtained. A stable oscillation of the QCM could be obtained using this 
system with the frequency fluctuations of less than 1 Hz in 30 minutes. 
17 
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Figure 2.2. Switching pattern of the sample injection valve. The small 
circles represent the ports in the valve starter. The solid slots 
represent the connecting passages in the rotor in LOAD 
position. The dotted line slots represent the INJECT position. 
(From mamial provided by manufacturer) 
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2.3 Analysis procedures 
For analysis, the sample loop of the sample injection valve was filled with the sample 
solution first, and pH phosphate buffer passed through the flow cell, containing the 
modified side of the QCM until a stable baseline was obtained. The valve was then turned 
from the LOAD position to the INJECT position, and the sample solution in the sample 
loop would pass through the flow cell as a plug followed by continuous flow of buffer 
solution. The resonant frequency of the QCM was recorded by the computer. 
For the determination of association rate constant, solution of analytes at different 
concentrations were allowed to flow through the flow cell continuously instead of the 
buffer solution. As for the dissociation rate constant, the analytes bound to QCM was 
flushed using buffer solution without any injection of sample. 
2.4 Response Curve 
In the detection of ascorbic acid in aqueous medium by the APBA-modified affinity mass 
sensor, the frequency was recorded as a fimction of time and displayed as a response 
curve, a typical one being shown in Figure 2.3. In this curve, three parameters should be 
noticed, namely the peak height, which is related to the concentration of the analyte. It can 
be used to evaluate the sensitivity of the sensor. The time corresponding to the peak 
response is defined as the response time. The recovering time represents the time at which 
the response recovers to a position without further change and theoretically, the response 
should return to zero. All the aqueous analysis hereafter is based on this kind of curve. 
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Figure 2.3. A typical response curve. 
Figure 2.4 displayed the response of the APBA modified QCM. It gave a response of 
334 Hz, which was equivalent to a sixty-fold enhancement in response at 0.4 mg/niL 
ascorbic acid level when compared to an unmodified QCM. . 
50 , 
Bare crystal time / mins 
£ -LCO \ 
I -15。 \ X 
i- -2C0 \ / ^ B A modified crystal 
‘ 、观 \ / ‘： 
,切 \ / Bars crystal 
Q^ APBA nrdfied crysiai 
4C0 
- _ •‘ 
Figure 2.4. Response of APBA modified crystal to ascorbic acid 
(0.4 mg/mL) at pH 5.5 and flow rate 二 5. 
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However, it was found that the response could not be restored to its original value as 
shown in Figure 2.3. This was expected from the numerical simulation [6] of the 
performance of sensor (see appendix I) which predicts that the shape of the response 
curve is mainly governed by tiie function of exp(-kdt), and therefore the response can only 
be restored to a non-zero value known as "near zero" value. ， ， 
» 
2.5 Experimental setup 
The schematic diagram for the whole system is shown in Figure 2.5. Such experimental 
setup used was same as that described by Shao [6] and Lee [30]. The QCA quartz crystal 
analyzer (QCA 917) is a product of Seiko EG&G. It can measure resonant frequency with 
accuracy of 0.1 Hz and at a sample period of 0.1-sec. Standard 9 MHz, At-cut quartz 
crystal microbalance is used in line with this instrument The measured data, the resonant 
frequency are displayed on the main display screen in real time. At the same time, the 
datum is converted into analog voltage and output to the rear panel. The QCA 917 system 
is provided with an RS-232C interface so that data can be read directly by a computer. 
Figure 2.6 shows the quartz crystal at a frequency, which is nearly equal to the resonant 
frequency, which can be obtained by counting the frequency on the frequency counter. 
j r 
^ C e i J 卜 “ 
r ~ ‘ [^/aiv^ 丨 
T 
, 17 system j C c r r ， 
Figure 2.5. Schematic diagram of the flowing system 
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Chapter 3 
Detection of ascorbic acid by affinity mass 
sensor based on 3-aminophenyl boronic acid 
Vitamin C (ascorbic acid) is a well-known compound because of its ability to prevent 
scurvy disease. Besides, ascorbic acid is vital to the production of collagen and is 
important in wound healing. It also helps in the absorption of vitamin E into our bodies 
[31]. Therefore, ascorbic acid is of utmost importance to our health. However, our human 
bodies cannot synthesize ascorbic acid. We can only obtain ascorbic acid by taking fruits, 
vegetable, fruit juice，soft drinks or vitamin C supplementary pills. There are numerous 
conventional methods for the determination of ascorbic acid. They include titrimetric [32’ 
33], enzymic[34, 35], spectrophotometric[36, 37] and chromato脾phic [38] methods, 
each with their advantages and disadvantages. 
3.1 Conventional analytical methods 
3.1.1 Titrimetric methods 
Titrimetric methods take advantage of the reducing properties of ascorbic acid. The 
oxidising agents are used to oxidise ascorbic acid to dehydroascorbic acid It is very 
simple to carry out, with a fairly easily detected endpoint, and can be used when there is 
fairly high concentration of vitamin C and when it is the only redox compoDent in the 
soludoiL Any colour change will be masked i f the solution is coloured. 
3,1*2 Eazymic methods 
Usually, the enzyme such as ascorbate oxidase is used to be immobilized on the chemical 
sensor. The specific reaction with ascorbic acid takes place on the immobilized surface. 
The corresp(HKlmg output will be produced by the sensor when there is any change in the 
surrounding environment of the sensor. The enzymic sensor is a promising sensor 
selective to ascorbic acid but the sensor cannot last long as the enzyme is easily 
denatured and cannot withstand harsh condition. 
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3.1.3 Spectrophotometric methods 
An aqueous solution of ascorbic acid is colourless and it absorbs strongly at 265 nm in 
the ultraviolet region. Hence, direct spectrophotometric analysis is suitable for the 
determination of ascorbic acid concentration. However, many other substances also 
absorb strongly in 265 nm region. This kind of interference limits the use of direct 
spectrometric method. Moreover, the oxidation product of ascorbic acid, dehydroascorbic 
acid, does not absorb much in the same region. Lower value of ascorbic acid content 
found may result when ascorbic acid is gradually oxidized. 
3.1.4 Chromatographic methods 
The most commonly used chromatographic technique in general use is high performance 
liquid chromatography (HPLC). It is frequently used in the pharmaceutical industry in the 
analysis of drugs, especially vitamins. It is, however, not yet the solution to the 
determination of vitamin C. Many problems remain and it cannot be adopted in all 
circmnstances with eqiial ease for a variety of matrices and for very small concentration. 
Furthermore，the detectors employed in the HPLC and always operated by the 
measurement of the absorption of u.v. which is much less sensitive to dehydroascorbic 
acid. Therefore the same limitation in the use of HPLC arises as spectrophotometric 
analysis. On the contrary, the result is always reliable, accurate and reproducible when 
HPLC can be used. 
3.2 Research method 一 a f f in i t y mass sensor based on A P B A 
Boronic acid immobilized on the QCM by cross-linkage technique is capable to combine 
with 1,2-diol or 1,3-diol to form cyclic ester. 3-aminopiienylboronic acid is a Lewis acid 
and it ionizes not by direct deprotonation but by hydration and subsequent ionization to 
give the tetrahedral boronate anion [39]. Ascorbic acid molecules contain 1,2-diols, 
which can react with APBA when the hydroxyl groups are orientated in the proper 
geometry, leading to the formation of cyclic ester complex. The question as to which pair 
of 1,2-diols of the ascorbic acid molecule will combine with APBA will be discussed 
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later. Figure 3.1 shows the hydration of APBA and the affinity reaction which occurrs 
between APBA and ascorbic acid. 
OH ； / ~ . OK 
. ， 2 H 2 〇 . H3O-
/ O H 尸 i n 
NH, NH, UH 
- 、‘ L 
‘ / H。 :^r 
z HO O H 
2H2〇 ^ H3O- — / k ^ o ^ ^ f ascorbic acid ] 
NK, 'B、。zL J 
‘ OH u 
Figure 3.1. Hydration of 3-ammophenylboronic acid (APBA) and the reaction 
of APBA with ascorbic acid. 
3.3 To locate the binding site in ascorbic acid 
^ ^ H 〇 ] 6 
I OH . \ 
O H O H 
APBA Ascorbic acid 
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There are two possible 1,2-diols binding sites in one ascorbic acid molecule for the 
acceptor APBA, one at C2, C3 and the other at C5, C6. There should be one predominant 
site in reaction with APBA as it only has one binding site. The method described in 
Section 3.3.1 will be used to find out which of them is responsible for the binding. 
» 
3.3.1 Steric energy calculated by molecular modeling 
There are three possible molecular complexes formed when ascorbic acid combines with 
the APBA. Their possible structures are shown below. Complex 3 exists because part of 
ascorbic acid dissociates at pH 5.5. (pK, of ascorbic acid = 4.2) 
H 〇 、 力 1 0 ^ 
0 、 Q o H H 
NH, 
NH, -
Complex 1 Complex 2 
0 O ^ O H 
NH^ 
Complex 3 
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Their steric energies were calculated by CS Chemdraw Ultra version 6.0 from 
Cambridgesoft Company. The lower the steric energy, the more stable the complex. The 
results are shown in Table 3.1. 
Table 3.1. The steric energy of different ascorbic acid : APBA complexes 
Complexes Steric energy (kcal/mole) ‘ 
Complex 1 10.16 
Complex 2 2.81 
Complex 3 40.10 
Complex 2 may be the dominant form in the reaction as it has the smallest steric energy. 
It is predicted to be the most stable form and so it is more preferable to be present. Thus 
APBA is more likely to bind with the diol site at C5, C6. Figiffe 3.2 leads further support 
to this hypothesis. It was found that the complex formation is more favorable in acidic 
medium as the frequency shift is larger in acidic m^ ium than that in alkaline medium. 
Higher pH induces more ascorbic acid molecules to dissociate to form Complex 3, which 
is the most unstable. Hence, less complexation occurred and thus smaller frequency shift 
was observed in alkaline condition. Besides, ascorbic acid is very unstable in aqueous 
medium especially in alkaline medium. The ascorbic acid molecule wil l be gradually 
oxidized to dehydroascorbic acid in the presence of oxygen [40] as shown in Figure 33. 
The diol at C2 and C3 will become ketone form which cannot combine with APBA. Thus, 
i f APBA combines with diol at C2 andC3, there should be decrease in frequency shift 
after a period of time. However, the frequency shift remained more or less the same after 
about three hours, implying that the binding site should not be at C2 and C3 and most 
APBA molecules bind with diol at C5 and C6 sites. 
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Figure 3.2. Effect of pH on the stability of ascorbic acid (0.5 mg/roL) 
H 〇 ~ ^ n n 
HO W ^ Y + + 2H+ 
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〇 〇 
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Figure 3.3. Oxidation reaction of ascorbic acid. 
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3.4 Optimization of experimental variables 
y 
A series of experiments were conducted to establish optimum analytical condition. The 
parameters optimized included pH，flow velocity and sample volume. ‘ 
3.4.1 Effect of pH 
The response of the APBA modified sensor as a function of pH in the range of 4.5 to 8.5 
was examined. As shown in Figure 3.4, the maximum response was obtained at pH 5.5， 
indicating the best medium for the ascorbic acid : APBA complexation occurred at this 
pH. At pH > 5.5 the complex became less stable. Hence, 5.5 was chosen as the optimum 
pH. 
ICCO r • 
^ SCO - • • 命 
^ ax - • 
I 4C0 - • 令 • 
I 2C0 -
• Cl_ , f ‘ 
〜 ^ 0 ^ — — ‘ • 
• 4 5 6 7 8 9 
pH value 
Figure 3.4. Effect of pH on the peak response for ascorbic acid 
(1 mg/mL) at flow velocity 5. 
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3.4.2 Effect of sample volume 
The influence of sample volume Vs on the peak response is shown in Figure 3.5. The 
larger volume induced a larger response. However, both the response time and the 
recovering time were prolonged. This coincides with the prediction of the numerical 
simulation [6]. 、 
200 ‘ 
‘ Q^ Time / mias 
I -400 
-800 sample vol. = 0.5 ail 
V ^ . Q ' c c d ^ / “ s a m p l e vol. = 0 」 m l 
4000 sample vol. 二。.] ml 
‘ s a m p l e vol. = 0.7 cnl 
-L200 sample vol. = L_p ml』 
Figure 3.5. Effect of the sample volume on the response curve for 
。 ascorbic acid (0.5 mg/mL) at pH 5.5. 
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3.4.3 Effect of flow velocity 
The velocity of buffer and sample also affected the peak response. Maximum response 
was obtained at the lowest flow velocity. However, lower flow velocity gave larger • 
response and longer recovery times as shown in Figure 3.6 which was also in agreement 
with the prediction of numerical simulation [6]. As a result, the choice of sample volume 
and flow velocity involved a compromise between sensitivity and response time of the 
sensor. 、 
200 n 
Time (mins) 
置 魯 
I 棚 - V A ^ 
-1000 - 、 ^ ， 
-1200 J — 
Figure 3.6. Effect of the flow velocity on the response curve for 
ascorbic acid (0.5 mg/mL) at pH 5.5 and 0.5 mL 
sample volume. 
> 
After optimization, the optimum conditions were set; pH = 5.5, flow velocity = 5 and ； 
\ 
• 1 ^^ 
sample volume = 5mL'. These conditions were then used for the subsequent analysis. 
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3.5 Calibration and reproducibility 
The APBA modified senso? showed a linear relation between peak response and ascorbic 
t 
acid concentration. Figure 3.7 shows a typical calibration graph over the range of 0.01 
mg/mL to 1 mg/mL and the correlation coefficient was found to be 0.999. The lower 
limit for reHable detection (LRD), which represented frequency change three times larger 
than the noise observed, was determined to be 3 Hz, The corresponding concentration 
detection limit was 5 X iO"' mg/mL. The relative standard deviation for 10 replicate 
injection was 2.9% at 0.2 mg/mL ascorbic acid level. 
Calibration curve 
y =991.05x- 8‘1Q24 
= 0.9994 I 
_ 1200 i 
X 1000 ^ ^ ^ ； 
I 800 1 
！ 600 ！ 
S 400 ^ ^ \ 
I 2 0 。 I 
兰 
0.00 0.20 0.40 0.60 0.80 1.00 1-2〇 
Ascorbic acid concentration (mg/ml) 
Figure 3.7. Response of APBA modified crystal to ascorbic acid 
solutions with different concentrations. 
(Flow velocity 二 5; sample volume 二 0.5mL; pH 二 5.5) 
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3.6 Kinetic Analysis 
The values of the association rate constant {ka) and the dissociation rate constant {kd) of 
the affinity reaction between 3 -airdnophenyIboronic acid and ascorbic ‘ acid was 
determined using the method of Kinetic Analysis proposed by Chaiken et, al [6，29:. 
For the determination of ^ solutions of ascorbic acid at different concentrations were 
allowed to flow cell separately to replace the buffer solution and the curves of the 
frequency values vs. time were recorded for a certain time interval for each ascorbic acid 
concentration. There were known as association curves and a typical one is Figure 3.8, 
I \ 置 
t ime 
Figiire 3.8. The association curve of APBA modified crystal to 
the continuous solutions of ascorbic acid. 
J J 
Because the Sauerbrey equation can be applied in this analysis, the following equations 
can be deduced [29]: 
丞 二 equ.3.1 
- ( 々 J x / equ. 32. 
dt 
ks 二 kaCy〈d equ. 3.3 
For each association curve, the slope at each frequency / dfldt, was calculated using equ. 
3.1 and plotted against/;the linear part of this plot (see Figure 3.9) can be described by 
equ. 3.2, and the slope k^  can be deduced for each ascorbic acid concentration Cs. From 
equ.3.3, k, was a linear function of C，and k各 was the slope of the plot of k, vs Q (See 
Figure 3.10) and was calculated to 1.87M"^s-L 
1 5 0 1 ： ： 
1Q。- ^ ^ ^ ^ ^ ^ ^ 
5 0 • ^ ^ 
-u 
0 J 1~-——, , , , 
o m o tn o m o 烹 in oo o -r- CO <o <o CO CO r^  o o o o o o o OO 00 00 OO CO 00 OD N r^ N N OO OO 00 00 OO CO OO 
Frequency (Hz) 
Figure 3.9. The plot of df /dtMs. frequency. 
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Figure 3.10:Tlie plot of k: vs C:. 
For the determination of dissociation of k^, the ascorbic acid-binding sensor was washed 
using the buffer, and the curves of frequency vs. time were recorded, which are called 
dissociation curves (see Figure 3.11). 
I 
I ‘々 
t 二 J l ^ • .. . 
time 
Figure 3.11. The dissociation curve of APBA modified crystal 
(bound with, a 0.5 mg/ mL ascorbic acid solution) 
washed by buffer at pH 5.5, 
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The original equation in Reference 29 can be modified as 
In "； J: 二 —t,) equ.3.4 
_ / / 一 / o 」 
where fn is the frequency value along the dissociation curve, f i was the frequency value 
where the dissociation started at ti, and fo was the frequency value of ascorbic acid-
binding sensor just before the ascorbic acid was washed off at to. Figure 3.12 was the 
corresponding plot using only the data in the linear part of the dissociation curve and 
from equ. 3.4, ki is the slope of this plot The calculated values of ^ are shown in Table 
3.2，with an average value of l.Ols'^ Practically, the peak response of the sensor was 
restored to the "near zero" value within 20 minutes, suggesting the sensor to be reusable. 
, “ ‘ 
* 6 ^ ^ ^ 
^ 5.8 ^ ^ ^ 
- 5 . 6 Z 
5.4 
0.5 0.7 0.9 1.1 1.3 1.5 1.7 ^ — . 
(s) 
Figure 3.12. The Plot of In [ {frrfo) / (fi-fo ) ] vs ( “ ) at 0.5 mg/mL 
ascorbic acid. 
Table 3.2. Values of dissociation rate constant, A^ j, at diferent ascorbic acid solutions. 
Concentration of ascorbic acid (mg/mL) Q.〇5| Q.Q8| 0.2| 0.5! 0.8| 1.Q|Aver^ 
k^ ( s"') 1.022 1.011 1.0211 1.008 1.0Q2| 1.QQQ| 1-Q1Q 
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3.7 Stability of sensor 
The operational stability of the sensor was studied over a period of 7 days and for about 
10 hours of continuous operation per day. AJfter the first four days，a decrease of less than 
5% of the initial response was observed and the response gradually decreased to 95% of 
the original level of the 7 th day. 
900 h 
$ 700 . • • 
I • 
a-
c£： 
500 ‘ ‘ ^ 
0 2 4 6 8 
number of days 
Figure 3.13. Stability of the sensor under study 
(response to . 0.5 mg/mL of ascorbic acid). 
3.8 Interference studies 
The specificity of the method for the determination of ascorbic acid in the presence of 
frequently encountered interferents, such as, common reducing agents and inorganic ions 
were studied. The results obtained are summarized in Table 3.3. It can be seen that the 
interferents did not interfere with the determination at levels commonly found in real 
samples. 
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Table 3.3. Effect of some possible interferents on the determination of ascorbic acid 
(0.5 mg/mL) 
Interferents : ascorbic acid 
Interferents ^ ^ mass) Error, % 
Oxalate 0.5:1 -3.77 
Tartrate 0.5 : 1 - 1.57 
Nicotinamide 0.5 : 1 3.14 
Riboflavin 0.5 : 1 2.83 
Fructose 1 : 1 4.40 
Glucose 1 : 1 4.09 
Sucrose 1 : 1 1.89 
Citric acid- 0.1 : 1 4.40 
Mixture* 0.68 : 1 4.09 
* Composition ( in lOOg): glucose, 3.2mg; fructose, 3.8; sucrose, 9.3mg; citric acid，l.Omg; 
oxalate, 0.8mg; tartrate, 0.7mg; nicotinamide, 4.3ing; riboflavin, 4.8mg; IC，2.0mg; 
Na七，2mg; Ca'^ l.Omg; Mg^+，l.Omg; ascorbic acid, SOmg. 
< 
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3,9 Determination of ascorbic acid in real samples 
Tablets 
A known amount of the powdered tablets was weighed. The powder was then dissolved 
in and diluted to the required volume with pH 5.5 phosphate buffer. The final solution 
was used for determining the ascorbic acid content as described in section 2.3. 
Fresh fruit juices 
Natural fruits were bought freshly from the local market. Juices were obtained by 
squeezing the samples. The juices were centrifiiged until a clear liquid was obtained in 
each case. Known amount of the juice was with<irawn and then diluted to a known 
volume with phosphate buffer at pH 5.5. The final solutions were used for determining 
the ascorbic acid content as described in section 2.3. 
3-9.1 Results and discussion 
The proposed method was applied to pharmaceuticals and fresh fhiit juices for the 
determination of ascorbic acid. The results are summarized in Table 3.4 and Table 3.5 
respectively. In Table 3,4, the values obtained by the proposed method are very close to 
the claimed values of the tablets. They all lay within 5% of the claimed values. In 
addition, the values of tablets and fruit juices found were compared with those obtained 
by the standard method [41]. Their relative error was around 5%, The accuracy of the 
proposed method was also verified by the recovery studies by adding standard ascorbic 
acid solutions to sample. Recoveries of 95% to 105% were obtained as shown in Table 
3.6. Hence, the proposed method using affinity mass sensor based on the APBA is 
demonstrated to be a reliable method for the determination of ascorbic acid in real 
samples. 
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Table 3.4. Determination of ascorbic acid in tablets。 
mg of ascorbic acid / tablet 
Sample Nominal Proposed method^ Reference method''' Relative error (%) 
"Australian 250 254.0 242.0 +4.96 
natural care 
Nature Blend 500 507.0 490.9 +3.28 
21^ Century 500 501.2 483.5 +3.66 
Blackmores 400 394.5 381.8 +3.33 
vitamin 
Hudson 500 483.5 480.4 +0.65 
a Average of three nms; ° Average of five runs 
e In optimum condition, i.e. pH = 5.5，flow velocity = 5, sample volume = 0.5 mL 
Table 3.5. Determination of ascorbic acid in various fruits。 
Sample Proposed method^ (mg/roL) Reference method '^'^ ^ (mg/mL) Relative error (%) 
Lemon 0.57 0.54 + 5.56 
• Orange 0.49 0.47 + 4.26 
Tomatoes 0.46 0.44 < + 4.55 
Kiwi fruit 0.55 0.56 - 1.79 
a Average of three runs; ^ Average of five runs 
c In optimum condition, i.e. pH = 5.5, flow velocity = 5，sample volume = 0.5 mL 
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Table 3.6. Recovery of ascorbic acid added to real samples '^^  
Sample Added (mg/mL) Found (mg/mL) Recovery (%) 
Australian 0.08 0.079 99 
natural care 
Nature's Blend 0.08 0.081 101 
21^ Century 0.10 0.097 97 
Blackmores vitamins 0.08 0.079 99 
Hudson 0.10 0.096 96 
Lemon 0.20 0.21 105 
Orange 0.20 0.19 95 
Tomatoes 0.20 0.20 100 
Kiwi fruit 0.20 0.21 105 
a Determined by the proposed method 
b Average of three runs 
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3.10 Comparison with conventional ascorbic acid sensors 
The whole setup of affinity mass sensor is not costly and easy to operate. Unlike enzymic 
sensors which tightly bind to the ligates and are easily denatured, the synthetic ligand 
immobilized sensor can recover shortly with flushing buffer and can be used for a period 
of time. 
The sensing mechanism of affinity mass sensor is mainly based on the structure of ligand 
immobilized on the QCM and that of ligate. Therefore the colour of sample and the 
presence of reducing agents in the sample wil l not affect the analysis. With the aid of 
molecular modelling, it was found that the binding site of ascorbic acid to APBA is not 
the site that undergoes oxidation. Hence, there is no worry about the oxidation of ascorbic 
acid molecules during analysis. However, the sensor takes about half-hour for one sample 
analysis, which is longer than employing titration. 
Though HPLC gives accurate analytical result, it takes longer analysis time and costs 
much. Similar to chromatograpic methods, spectrophotometric methods still face the 
problem of less sensitive to the oxidation product of ascorbic acid molecules, 
dehydroascorbic acid. On the contrary, APBA immobilized on QCM can bind with 
ascorbic acid and dehydroascorbic acid molecules. Hence, the result will not be affected. 
3.11 Summary 
In this chapter, the concept of affinity mass sensor introduced by Shao [6] was applied to 
determine ascorbic acid choosing 3-aminophenylboronic acid as the affinity ligand. The 
performance of the sensor including its sensitivity, selectivity and stability were reported. 
The results obtained confirmed experimentally the viability of the affinity mass sensors. 
The method offers good sensitivity and reproducibility together with the added 
advantages of simplicity, convenience and relatively low cost. 
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Chapter 4 
Boronic acid derivatives for the detection of sugars 
Lee et al. has developed a method to determine fructose using QCM modified with 
APBA [30]. It was the purpose of this work to develop QCM modified with other boronic 
acid derivatives, which may be used to determine other saccharides. 
4.1 Scope of this work 
Four boronic acid derivatives were included in this work and their structures are shown 
below. The first one is 3-am inophenyIboronic acid (APBA) is commercially available 
and has been used for the determination of ascorbic acid as reported in Chapter 3, The 
other three are diboronic acids and they are called boronic acid derivative 1-3 for 
convenience. Boronic acid derivative 1 and boronic acid derivative 3 were synthesized by 
Mr. Lee Tung Bor, while boronic acid derivative 2 was synthesized by Dr. Kwong Fuk 
Yee, 
丁 〇 
N H I 
APBA Boronic acid derivative 1 
43 
B(OH), B ( 〇 : 
B(〇H)2 B(〇H)2 
Boronic acid derivative 2 Boronic acid derivative 3 
As there are no amino groups in the three synthetic boronic acid derivatives, fabrication 
of the sensor by cross-liiikage technique cannot be used and the sol-gel technique was 
employed instead. Lorand and Edwards [42] had studied the selectivity of APBA towards 
the saccharides, fructose, glucose, galactose and mamiose [42]. Hence, included in this 
study were the same four saccharides for ease of comparison. 
4.2 Results and Discussion 
For the ligand APBA, the selectivity towards saccharides was found to be the same as 
that determined by Lorand and Edwards [42], the selectivity order fructose > galactose > 
mannose> glucose. The frequency shifts of the QCM' in the detection of APBA : 
saccharides complexation are shown in Table 4.1. . 、‘ 
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Table 4.1. Frequency shift for APBA : saccharide complexes 
Saccharides (5 mg/ mL) Frequency shift / Hz^ APBA : Glucose complex 
Fructose 203 
OH f 
Glucose 140 B ^ 〇 
|| 0 - i ^ O 
Galactose 181 
‘ N H , 
Mannose 173 Complex 4 
a Average of three runs 
However, when the ligands used were diboronic acid derivatives, the selectivity order 
was not the same as that of APBA at all. The differences are shown in Table 4.2. 
• 4 5 
rt 
Table 4.2. Frequency shift for different boronic acid derivatives : saccharides complexes 
Saccharides (5 mg/mL) Frequency sluLft^  / Hz Boronic acid derivatives : glucose complex 
Fructose 11 
I 一 
八 
Glucose 10 ^^^^^^^^ 
Galactose 15 ^ ^ ^ 
Mannose 18 ^ " ^ ^ Y " Y 〇 V 〇乂 ^ 
k ^ A ^ ^ g — 0 
OH 
Complex 5 with derivative 1 
Fructose 〈 ^ 
Ghc。se 38 ； 
Galactose ，： / / A 
W . 
Mannose 。o \ - -
Complex 6 with derivative 2 
Fructose — ( _ / 
— 、 、 ； \ r 
Glucose 5〇3 . 
Galactose . ^ ^ 
Mamiose ,85 B" B:〇H 
.... “ 
Complex 7 with derivative 3 
a Average of three runs 
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Figure 4.1. Sensitivities to glucose by different boronic acid derivatives. 
(a) boronic acid derivative 3; (b) APBA; (c) boronic acid derivative 1 
(d) boronic acid derivative 2. 
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Figure 4.2. Sensitivities towards saccharides by boronic acid derivatives 3. 
(a) glucose; (b) Setose; (c) galactose; (d) rr^ annose. 
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From Table 4.2，it can be seen Aat the frequency shifts upon formation of complexes by 
saccharides with derivative 1 and those with derivative 2 are quite small, implying that 
complexation were not favored possibly because of the hindrance of methyl groups. 
Moreover, the differences in frequency shift towards saccharides are so smaii making 
comparison of selectivities difficult. On the other hand, the frequency shift of derivative 3 
modified QCM towards the saccharides were larger (shown in Figure 4.1), implying that 
the complexes formed by derivative 3 with saccharides are relatively stable, which can be 
further supported by the steric energies of the glucose complexes 5-7 shown in Table 4.3, 
Table 4.3. Steric energies of different complexes 
Complex Steric energy (kcal / mole) 
Complex 5 322 
Complex 6 185 
Complex 7 64 
The most important observation was the selectivity order of boronic acid derivative 3 
towards saccharides: glucose > fructose > galactose > mannose {shown in Figure 4.2)， 
which is different from that for APBA. Since there were not enough synthetic ligands 
provided, no further adjustment in the experimental conditions was done for increasing 
sensitivity towards glucose. Nevertheless, it can be concluded from the findings of the 
present work that boronic acid derivative 3 is a promising candidate to act as a glucose 
sensor. 
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4.4 Summary 
Sol-gel technique was used to immobilize the affinity ligands，boronic acid derivatives, 
on the surface of QCM by encapsulation in stable porous inorganic matrix under mild 
conditions. The ligate (saccharides in this study) was allowed to access boronic acid 
derivatives encapsulated in the sol-gel derived film in which the affinity reaction 
occurred 
Unlike cross-linkage method introduced in Chapter 3, most boronic acid derivatives can 
be used in sol-gel method, as the presence of bifunctional boronic acid derivative is not 
necessary. This may provide convenience in synthesis more choices of ligands for the 
affinity mass sensors. 
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Conclusion 
Many of the current analytical methods for analyzing food require long sample 
preparation and analysis times, as well as complex instmmentatioiL This has led to a call 
for alternative faster and easier procedures. Affinity mass sensors are attractive 
alternative because the immobilization of ligand on the QCM is simple. Besides, the 
sensors operate reversibly and detect the analytes with little sample pretreatment, 
providing faster analysis time. Anything that has mass can generate response to the 
device, providing wide application for the food detenninatioiL However, such universal 
response can be subject to interferences. Hence，the choice or synthesis of the affinity 
ligands with the right structures in relation to increase selectivity may be a solution to 
solve the interference problem. The boronic acid derivatives were chosen as the affinity 
ligands while ascorbic acid and saccharides were chosen as the corresponding ligates in 
this research to verify the concept of affinity mass sensor developed by Shao [6:. 
For analysis in solution, the APBA modified sensor was accommodated in a flow-through 
cell. The effects of operating parameters on the performance of the sensor were studied 
systematically and the results showed good agreement with numerical simulation results 
established by Shao [6]. Moreover, the sensor was made to be sensitive and reusable by 
choosing an affinity reaction with suitable association rate constant and dissociation rate 
constant respectively. Good precision was observed from the results of repeated 
measurements of ascorbic acid solution. Furthermore, satisfactory results have been 
obtained for the determination of ascorbic acid in tablets and fruits. The resulting sensor 
、 
offered stability in continuously operation and relatively long life. Besides, the molecular 
modeling program enabled us to suggest the binding site of ascorbic acid with APBA. 
Encapsulating affinity ligand APBA in sol-gel film to detect fructose had been introduced 
by Lee [30]. In addition to APBA, the selectivities of three other synthetic boronic acid 
derivatives to saccharides were studied in this research. Since there was limited amount 
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of synthetic boronic acid derivatives, optimum conditions for the sol-gel composition 
found by Lee [30] was utilized. The APBA showed the usual selectivity towards 
saccharides: Fructose > galactose > mannose > glucose. However, the boronic acid 
derivative 3 showed the highest frequency shift and hence the highest selectivity to 
glucose. The steric energy calculation provided further support for this conclusion. 
Hence，it is suggested that more boronic acid derivative 3 should be synthesized so that 
the determination of glucose with this compound can be studied in detail, and the 
sensitivity may be further improved after a series of optimization in sol-gel composition 
and analysis operation parameters. These results suggest future direction for the synthesis 
ofdiboronic acid derivatives of appropriate structure, which is selective to bind glucose. 
Once such specific affinity ligand is synthesized, relatively cheap and long lasting 
glucose sensor can be furthermore to replace current expensive sensor based on glucose 
oxidase. 
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Appendix I Response curves for different parameters 
obtained from numerical simulation 
(From Reference [6]) 
kci=10 
I 
V — — ^ — - — 
k^=0.001 
Time 
Figure I . l . Effect of k^^ on the response curve with 〔=30，and = 
kaCgCs 二 1 
W k3CeCs=10 
I 
I V x 
Time 
Figure 1.2, Effect o f o n the response curve with u=5, K=30 and、二0 丄 
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网 
u=12 ^ ^ 
Time 
Figure 1.3. Effect of flow velocity u on the response curve with 
厂 广 0.1. 
r x ： I 
. I 
Time 
Figure 1.4. Effect of the sample volume V3 on the response curve 
wi thu= 1 and A：广 0.1. 
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Appendix I I QBASIC programs for data recording and 
calculations of rate constants 
1 . Program to record resonant frequency and admittance v^. time 
DIM FR, TR, TI, TU 
PRINT "Enter your frequency range(H2)：" 
INPUT FR 
PRINT “Enter the unit of T I and TR ( Hour 1, Minute 2，Second 3 )，， 
INPUT TU 
PRINT “Enter your time range:，， 
INPUT TR 
PRINT "Enter your time interval:" 
INPUT TI 
OPEN "C:\QCM\Freqval.001" FOR OUTPUT AS 
WRITE #2，FR, TR, TI, TU 'Save the parameter to the file 
SCREEN 12 'Set the screen 
DIM XO, YO, XPLUS, YPLUS 
WINDOW (0, 0) — (200, 200) 
LINE (15，30) 一 (15, 150)，4 . . 'Draw Y axis 
LINE (15，90) -（115，90)，4 ‘Draw X axis 
別一 •"•J 'Give X axis measuring unit 
XPLUS = 5 
DO UNTIL X0> 117 , 
LINE (XO, 30)- (X0, 150), 8 
XO = XO + XPLUS 
LOOP 
YO = 30 'Give Y axis measuring unit 
YPLUS = 5 
DO UNTIL YO〉150 
LINE(15, Y0)-(115, YO), 8 
YO = YO + YPLUS 
r t 
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z LOOP 
“ LINE (15，90)-(115，90)，7 
LINE (65’ 30)-(65，150)，7 
LOCATE 8，3 ''Mark the unit of X axis with frequency value 
PRINT FR 
LOCATE 9，3 
PRINT “(Hz)” 
LOCATE 17，5 
PRINT “0” 
LOCATE 26，3 
PRINT -FR 
LOCATE 18,48 
PRINT TR 
LOCATE 19,48 
r F T U = 1 THEN 
PRINT "(HOUR)" 
END IF 
rFTU = 2 THEN 
PRINT “(MINUTE)” 
END IF 
IFTU = 3 THEN 
PRINT “(SECOND)，， ； 
END IF 
EF l U 二 1 THEN 'Set TU as second (conversion) 
TI = 3600 * TI 
. TR = 3600 * TR 
END EF 
r? TU = 2 THEN ‘ 
TI = 60 _ TI 
TR = 60 ^ TR . 
END I? 
U T U = 3 THEN 
TI = TI 
TR = TR 
END IF 
..’ 6： 
DIM Xunit, Yunit, X1,X2, Y l , Y2 
D IM FR£Q1#, FREQ2#, BEGIN, TEMP 
Xunit = T I / T R * 100 ‘Mark X unit with time 
X I = 15 
Y l = 120 
A l =80 
DA = INT(TR/TI ) 
D IM FreqVal(l To DA + 1)，ADM(1 To DA + 1) 'Define array to save frequency 
OPEN “C〇M2:9600，n, 8，1，cs，ds" FOR RANDOM AS #1 ‘Set RS-232 port 
PRINT #1，"RD 0” ‘Read command 
INPUT #1，FREQ1#, ADM1# 
LOCATE 2, 3 
PRINT "INITIAL (Hz) 二”； : PRINT USING "#######.#"； FR£Q1# /10#; 
PRINT ADM1# 
TEMP = INT (FR£Q1#/ 1000000) 
FR£Q1# = FRJEQ1# - TEMP * 1000000 
FreqVal ⑴ = FREQ1# 
ADM(1) = ADM1# 
1 = 2 
;FREQI# = FKEQI#/ 10# 
F0RJ=1 TO DA 
BEGIN = TIMER 
DO WHILE TIMER < (BEGIN + TI) 
LOOP 
PRINT #1，“RD 0”， 
INPUT #1, FREQ2#, ADM2# 
TEMP = rNT(FREQ2# / 1000000) 
FREQ2# = FREQ2# - TEMP * 1000000 、 
FreqVal (I) = EREQ2# 
ADM (I) = ADM2# 
1 = 1+1 
FREQ2# = FR£Q2#/ 
Yunit = (FREQ2# - FREQ1#) /FR * 60 
Aunit = (ADM2#-ADMl?^) 
LINE (X1，Y1) - (X1 + Xunit, Y l + Yunit), 2 
> 
OJ 
, LINE (XL A 1 ) - ( X 1 +Xuni t ,A l +Aiinit),3 
X I = X 1 +Xunit 
Y1 = Y1 + Yunit 
A1 = A1 + Aunit 
FREQlii?^ 二 FREQ2# . 
A D N m = ADM2# 
NEXT J 
FREQ2# = TEMP * 1000000 + FKJEQ2^ * 10# 
LOCATE 4，3 
PRINT “LAST (Hz) =”； : PRINT USING FR£Q2^ /10#; 
PRINT ADM2# ‘ 
WRITE #2, TEMP . 
FOR I = 1 TO DA 
WRITE #2, FreqVal (I), ADM (I) 
见 X T I 'Save the array to the file (C:\QCM\FreqVaL001) 
SHELL “GRAPHICS hpdefault" 'Load dos program to print graphics 
pause = 5 Tress (shift+PrintScreen) at this time 
initial = TIMER 
DO UNTIL TIMER〉initial + pause 
TIMER ON 
LOOP 
END ‘ . 
2. P rog ram for calculat ion of association rate constant 
OPEN “C:\QCM\Freqval.001，，FOR INPUT AS ‘Input data 
• U T #1，FR，TR, TI, TU, TEMP 'Input parameters 
I f TU = 1 THEN 'Set TU as second (conversion) 
TI = 3600 * T I 
TR = 3600 *TR 
END IP 
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, IF TU = 2 THEN 
TI = 60 * TI 
TR = 60 * TR 
END IF 
IP" TU 二 3 THEN 
丁I = TI 
TR = TR 
END IF 
DA + INT (TR/T I ) 
D M FreqVal (1 TO DA + I), ADM (1 TO DA + 1)，DeltaF (1 TO DA) 
FOR I = 1 TO DA 
INPUT #1，FreqVal (1)，ADM (1) 'Input the first frequency value 
FreqVai (I) = FreqVal (I) - INT (FreqVal (I) / 100000) * 100000 
NEXT I 
FOR J = 1 TO DA - 2 
DeltaF (J) = (FreqVal (J) - FreqVal (J + 2)) * .5 
NEXT J 
OPEN "C\Kinetics\Ka\freqval.OO I “ FOR OUTPUT AS #2 
FOR J = 1 TO DA ；• ，一 
WRITE #2，FreqVal (J + 1) / 10，DeltaF (J) 
NEXT J 
* 
END 
3. P r o g r a m fo r ca lcu lat ion of dissociat ion rate constant 
OPEN X:\QCiVMeqval.001" FOR INPUT AS #1 ‘Input data 
INPUT #1，FR，TR, TI, TU, TEMP ^Input parameters 
IF TU = 1 THEN , t t t “ . 、 
丄 U as second (conversion) 
TI = 3600 * T I 
“ 65 
TR 二 3600 * T R 
END IF 
IFTU = 2 THEN 
TI = 60 * TI 
TR = 60 * TR 
ENDEF 
IPTU = 3 THEN 
TI 二 TI 
TR = TR 
END IF 
DA = rKT(TR/TI) 
DIM FreqVal (1 TO DA + 1)，ADM (1 TO DA + 1)，DeltaF (1 TO DA), TTIME (1 
TO DA) 
DB = 15 
FOR I = 1 T〇 DA 
INPUT ff 1，FreqVal (I), ADM (I) 'Input the first frequency value 
FreqVal (I) = FreqVal (I) 
NEXT I 
FOR J= 1 TO D A - D B - I 
FreqVal (DB) = FreqVal (DB) — FreqVal (DA) , • 
FreqVai (J + DB) = FreqVal (J + DB) - FreqVal (DA) 
DeitaF ⑴ = L O G (ReqVai (DB)/ _FreqVai (J + DB)) 
TTIMI； (J) = .1 * J 
NEXT J 
OPEN “C:\Kinetics\Kd\:&eqvaLOOr，FOR OUTPUT AS 
FOR J + 1 TO dA 
Write #2, TTIME (J), DeltaF (J) 
Next J 
END 
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